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Wabash River watershedIncreasing demands for freshwater make it necessary to ﬁnd innovative ways to extend the life of our water re-
sources, and to manage them in a sustainable way. Indirect water reuse plays a role in meeting freshwater de-
mands but there is limited documentation of it. There is a need to analyze its current status for water
resources planning and conservation, and for understanding how it potentially impacts human health. However,
the fact that data are archived in discrete uncoordinated databases by different state and federal entities, limits
the capacity to complete holistic analysis of critical resources at large watershed scales. Humans alter the
water cycle for food production, manufacturing, energy production, provision of potable water and recreation.
Ecosystems services are affected at watershed scales but there are also global scale impacts from greenhouse
gas emissions enabled by access to cooling, processing and irrigation water. To better document these issues
and to demonstrate the utility of such an analysis, we studied the Wabash River Watershed located in the U.S.
Midwest. Data for water extraction, use, discharge, and river ﬂow were collected, curated and reorganized in
order to characterize the water use and reuse within the basin. Indirect water reuse was estimated by comparing
treatedwastewater dischargeswith streamﬂows at selected pointswithin thewatershed. Results show that dur-
ing the low ﬂow months of July–October, wastewater discharges into the Wabash River basin contributed 82 to
121% of the stream ﬂow, demonstrating that the level of water use and unplanned reuse is signiﬁcant. These. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
71M.J. Wiener et al. / Science of the Total Environment 539 (2016) 70–77results suggest that intentionalwater reuse for consumptive purposes such as landscape or agricultural irrigation
could have substantial ecological impacts by diminishing stream ﬂow during vulnerable low ﬂow periods.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The United Nations estimates that 1.8 billion people will be living in
countries or areas experiencing water scarcity by 2025, and population
growth and climate change will continue to place further stress on
freshwater resources, with this occurringwith greater frequency and in-
tensity, even in developed countries (UNWater, 2007). Inmany regions,
human activities signiﬁcantly alter the natural water cycle by extracting
surface and ground water, distributing it to different locations, and
discharging treated wastewater back to waterways (Vörösmarty and
Sahagian, 2000). To address regional water resource management,
both water conservation measures and direct or planned water reuse
practices may be implemented. However unplanned, undocumented
water reuse is intrinsic to the water cycle and is important to under-
stand in the context of water resource management.
As Dean and Lund (1981) remarked over three decades ago the dis-
tinction between the various types of water reuse are somewhat arbi-
trary. However, the use of treated municipal wastewater generally fall
into one of three categories: (1) Direct water reuse, where the efﬂuent
from one use becomes the inﬂuent (with or without further treatment)
to another or the same use; (2) planned indirect water reuse, where the
wastewater is returned to a speciﬁc water supply environment
(i.e., aquifer orwetland)which serves as an environmental buffer before
it is extracted for reuse; and (3) unplanned indirect water reuse, where
the wastewater is returned to the natural environment (i.e., surface
water bodies), with the receiving waterway being the source of water
for other uses at oneormore downstream locations.When the receiving
waters become a drinking water supply source, indirect or de facto po-
table reuse occurs (U.S. Environmental Protection Agency, 2012a; Asano
et al., 2007).
Unplanned indirect water reuse occurs in almost all waterways
(Asano, 1998; de Vries and Lopez, 2013), yet there is little documenta-
tion of the practice. The National Research Council (NRC) Committee
on the “Assessment of Water Reuse as an Approach for Meeting Future
Water Supply Needs” analyzed the potential for water reclamation and
reuse of municipal wastewater in the U.S. to improve water supply al-
ternatives (National Research Council, 2012). They concluded that an
analysis of unplanned water reuse is critical for understanding the con-
sequences of implementing new planned water reuse projects. Indeed,
in the United States, there are an increasing number of direct water
reuse projects, and these practices may inﬂuence the amount and qual-
ity of water available to support ecosystem services because municipal
wastewater and industrial discharges are often major ﬂows within the
combined human–natural water cycle.
An estimate of the extent that treatedmunicipalwastewater efﬂuent
contributes to the potablewater supply in the United Stateswas report-
ed in 1980 by the U.S. EPA (Swayne et al., 1980):“20 cities with a total
population of more than 7 million were determined to have surface water
supplies containing 2.3 to 16% wastewater during average ﬂow conditions
and 8 to 350% wastewater during low ﬂow conditions”. An update of
that report (Rice et al., 2013) states that there was an increase in de
facto water reuse for 17 of the top 25 most impacted drinking water
treatment plants identiﬁed in 1980. One of the limitations of these stud-
ies is that they only considered treated wastewater discharged by
Waste Water Treatment Plants (WWTPs) and they did not account for
industrial or other wastewater efﬂuents. However, wastewater is de-
ﬁned as “Used water discharged from homes, business, industry, and agri-
cultural facilities” (U.S. Environmental Protection Agency, 2012a).
Moreover, the de facto water reuse estimation in both cases assumedthat the WWTP discharge ﬂows were equal to the plants' design ﬂow,
which is not an accurate assumption, as WWTPs seldom operate at
the design capacity. Furthermore, only discharges and not withdrawals
were reported, making it impossible to evaluate the entire “human
water cycle”.
To provide a more accurate assessment, actual ﬂow data on with-
drawals and discharges must be used. For management purposes in
the United States, vast amounts of fresh water resources data are col-
lected and archived by local, state, and federal departments and agen-
cies. However, there is little coordination of how these data are
collected, organized, or stored, leading to an assortment of many het-
erogeneous data sets (Averyt et al., 2013a; National Research Council,
2012; Shaffer, 2009). As a result, sophisticated rapid high performance
data analysis for resource management is difﬁcult, hindering our ability
to holistically manage critical water resources at large watershed scales
(e.g., 8, 4, or 2 digit Hydrologic Unit Code (HUC) scales). At a sub-
continental scale, the Mississippi River basin comprises an area of al-
most 3 million km2, populated by more than 70 million people. Within
this watershed the USGSmaintains 2479 gauging stations, while the US
EPAmaintains data onmore than 800,000 facilities that discharge treat-
ed water into the river. Despite the river's ecological and economic
value there is no integrated knowledge about the quantity of water
used or reused within the watershed.
In order to test the feasibility of such integration and analysis, in this
research we have collected, curated, and analyzed all water with-
drawals and discharges within the Wabash River watershed that have
been reported to Federal and State agencies for the 2007 calendar
year. The Wabash River watershed was selected for evaluation because
it is used for a wide variety of anthropogenic activities, and as a 4-digit
HUCwatershed, it is an appropriately large sub-basinwithin theMissis-
sippi River watershed. It is shared by the states of Indiana, Illinois and
Ohio, providing some challenges regarding state agency data integra-
tion. It is also an example of a water-rich basin, where water use and
reuse are not yet of major concern. Data on water withdrawals, waste-
water discharges, and stream ﬂowwere collected for the year 2007 be-
cause the dataset for this yearwas themost complete at the initiation of
this study. Treated wastewater discharge data are reported to the ap-
propriate regulatory agency as monthly averages, thus our analysis is
performed on a monthly time interval.
By retrieving data for the entire watershed frommultiple sources and
curatingwithin one coherent database,we have developed anddescribe a
simple methodology that can be applied to other watersheds where
data on water withdrawals, discharges, and stream ﬂow are archived
over time. In the ﬁnal database, each discharge and withdrawal point is
associated with its own set of geographic coordinates. As a result, water
reuse can be assessed at any scale within the watershed by aggregating
all reported data on treatedwastewater ﬂows andwithdrawals upstream
from any point in the watershed. This study shows that in addition to
simply collecting data on water availability and use, the appropriate
organization and dissemination of these data are necessary to effectively
and sustainably manage all available water resources (de Vries and
Lopez, 2013; Gleick, 1998; U.S. Department of Energy, 2006).
2. Materials and methods
2.1. Study area
The Wabash River basin area is 85,237 km2, shared by the States of
Ohio (OH), Indiana (IN), and Illinois (IL) (Geological Survey (U.S.),
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basins, the mainWabash River basin and the Patoka-White River basin,
each of which is subdivided into smaller sub-basins (or cataloging
units), totaling to 24 8-digit HUC (HUC08) sub-basins (Seaber et al.,
1987) (Table SI-1). Historically, this watershed has been water rich
with trends of increasing stream ﬂows (Zhang and Schilling, 2006).
Due to land use changes, annual river ﬂows in the Mississippi River
basin have increased 31–41% from 1940 to 2003 and water availability
has not been a major issue. However, severe droughts such as the one
experienced during the summer of 2012 (Schnoor, 2012) highlight the
need for understanding howwater is being used and reused in the wa-
tershed. A more detailed characterization of the watershed and the
methods used to integrate the data is included in the supplementary in-
formation (SI) in Appendix A.
2.2. Fresh water withdrawals
Data on water withdrawals from surface and well sources is collect-
ed at the state level (Shaffer, 2009). In the state of Indiana, the Depart-
ment of Natural Resources (DNR) maintains the Signiﬁcant Water
Withdrawal Facility (SWWF) database which provides information on
facilities that withdraw more than 100,000 gal (0.378 m3) of ground
and/or surface water in one day (Indiana Department of Natural Re-
sources). Completeness of Indiana's SWWF data for 2007was estimated
to be over 99.5% (A. Mann, personal communication, April 1, 2013).
Data on signiﬁcant withdrawals in the state of Ohio were obtained
from the Ohio Department of Natural Resources, Division of Soil and
Water Resources, Water Withdrawal Facilities Registration Program
(Ohio Department of Natural Resources Division of Soil and Water
Resources, 2012). Data from the State of Illinois were not complete.
The Illinois Water Inventory Program (IWIP) compiles annual informa-
tion on water withdrawals, use, and returns. Data from public wells
and intakes are considered to be public information, however data
from commercial and industrial facilities are kept conﬁdential (Illinois
State Water Survey, 2012). Therefore, the only data that were available
were the annual withdrawals for public supply from surface and
groundwater sources. As a result, commercial and industrial water
withdrawals in Illinois were estimated from the corresponding publicly
accessible National Pollutant Discharge Elimination System (NPDES)
data for each facility. It was assumed that all water discharged through
an NPDES permit was previously extracted from a source in the
same watershed. Due to the resolution of the data (typically monthly
averages) water consumption rates could not be estimated with
accuracy.
Because the available data from Indiana and Ohio and estimates
made for Illinois only account for major withdrawals, minor extractions
were assumed to be mostly private well withdrawals for self-supply.
These were estimated by considering population numbers in each
HUC08, and information from the USGS on estimated self-supply use
rates in the U.S. for 2005 (Kenny, 2009) (Table SI-5). More detailed in-
formation about the management of withdrawal databases is included
in the SI.
2.3. Treated wastewater
Discharge monitoring and permit data on municipal and industrial
point source discharges were obtained from the Discharge Monitoring
Report (DMR) Pollutant Loading Tool database (U.S. Environmental
Protection Agency, 2012b), which uses data from EPA's Permit Compli-
ance System (PCS) and Integrated Compliance Information System for
the National Pollutant Discharge Elimination System (ICIS-NPDES).
Data completeness for 2007 reports reached 92.0% for Indiana, 83.0%
for Ohio and 80.3% for Illinois (U.S. Environmental Protection Agency,
2012b). Detailed information about the DMR database and data man-
agement is included in the SI.2.4. Stream ﬂow
The USGS NationalWater Information System (NWIS) database pro-
vides historical data on stream ﬂowmeasured at numerous USGS gaug-
ing stations (GS) (U.S. NationalWater Information System, 2002). Seven
stations within the watershed were selected due to their proximity to
the discharge point of the major sub-basins (Fig. 1). Average monthly
ﬂows measured at those stations were retrieved. Because there is no
GS at the conﬂuence of the Wabash and Ohio River, it was necessary
to estimate the streamﬂow at this point. This ﬂow was estimated as
the sum of the ﬂow measured at the last GS on the Wabash River
main stream stem (USGS 03377500, Wabash at Mt. Carmel) and the
ﬂow contributions by streams (sub-basins) that ﬂow into the Wabash,
downstream from the last GS (Table SI-3).
2.5. Water use and indirect reuse
All data on water withdrawals and wastewater discharges were
selectively quality controlled, reorganized, ﬁltered by use-category
and by location (i.e., HUC08) to determine the annual and monthly
volumes of water extracted and discharged, respectively, within each
HUC08 and above each selected GS (Fig. 2). The fraction (or percent)
of indirectwater reusewas calculated as the sumof all NPDES permitted
discharges from all facilities (reported on a monthly basis) above a GS,
divided by the averagemonthly streamﬂowmeasured at the respective
GS.
B Xð Þ ¼ ∑ Dið Þð Þ=F Xð Þ ð1Þ
where Di is point discharge i located upstream from point X where a GS
occurred, F(X) is themonthly average streamﬂow at point X, and B(X) is
the fraction of indirect water reuse at point X. Estimates of indirect
water reuse were determined at those GSs shown on Fig. 1.
3. Results
3.1. Water use — withdrawals
The data for all large surface water and groundwater extractions ag-
gregated by water use category, the estimated signiﬁcant withdrawals
for Illinois, and the estimated self-supply volumes were organized and
aggregated to provide an estimate of total annual withdrawals within
eachHUC08 basin (Table 1). During 2007, it is estimated that an average
of 3690 MGD (161.66 m3/s) was withdrawn from the watershed. The
major use of this water was for energy production (EP), accounting for
73% (2666 MGD (116.80 m3/s)) of all extractions, almost all of which
came from surface waters. The second largest extraction category was
public supply (PS) accounting for 13% (480MGD (21.02m3/s)), contrib-
uted by both surface (43%) and ground (57%) water resources.
Based on reported discharge data, we assumed that approximately
201 MGD (8.82 m3/s) was withdrawn in Illinois, which represents al-
most 6% of allwithdrawals in thewatershed for 2007. Based onUSGS in-
formation (Kenny, 2009), we estimate that approximately 95 MGD
(4.17 m3/s) of self-supply withdrawals (less than 3% of all extractions)
occurs within the entire Wabash River watershed. The sub-basins
where most of the water was withdrawn are those that have power
generation plants (HUC08 05120108, 05120111, 05120113) and those
within the most populous region— the Indianapolis–Carmel Metropol-
itan Statistical Area (U. S. Census Bureau, 2013) (HUC08 05120201,
05120202).
3.2. Water use — discharges
The reported NPDES discharges were compiled, organized by
HUC08, and aggregated by Standard Industrial Classiﬁcation (SIC)
Fig. 1.Wabash River watershed (a) reported intake andwell signiﬁcantwater withdrawals (more than 100,000 gal/day (0.0043m3/s)), (b) reported NPDESwastewater discharges, from
major (more than 100,000 gal/day) and minor facilities, and USGS gauging stations selected as reference to the water reuse calculation.
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points that released an average of 3765 MGD (164.98 m3/s) of treated
wastewater within the watershed in 2007. Facilities with SIC Code
#49 – Electric, Gas and Sanitary Services – accounted for the largest vol-
ume of treated wastewater discharge. Of these facilities, 21 were classi-
ﬁed as “Electric Services” (SIC Code #4911) and accounted for 75% of theFig. 2. Summary of the water use and reuse analysis. Solid lines represent the variables
considered: surface and groundwater withdrawals to determinewater use along the wa-
tershed, and point source wastewater discharges to complete the water balance. The cur-
rent analysis does not account for water consumption and non-point sources discharges
(dashed lines). At a speciﬁc point down awatershed, water reuse is estimated by calculat-
ing the ratio between total discharges upstream that point and the stream ﬂow volume at
that speciﬁc location.total discharges. These power generation plants discharged an average
2805 MGD (122.89 m3/s) of water from their cooling systems (Averyt
et al., 2013b;U.S. Department of Energy, 2006). Therewere 402 facilities
classiﬁed as “Sewerage” (SIC Code #4952) consisting of wastewater
treatment facilities that accounted for 18% of the total discharge
(Fig. SI-6). Discharges from mining and manufacturing activities
accounted for 5%. Consistent with water withdrawals, the largest dis-
charges (over 100 MGD (4.38 m3/s)) occurred in HUC08 sub-basins
05120108, 05120111, 05120201 and 05120202 (Table 1).
3.3. Water balance
For thewhole watershed, the ratio of discharges to withdrawals was
1.02 (Table 1) However, within each sub-basin, the ratio of average an-
nual discharges to withdrawals varied from 0.05 to 1.74. There were
several reasons for these variations. First, water withdrawals for irriga-
tion (primarily in HUC08 basins 05120106, 05120113, 05120201, and
05120108) result in water being inﬁltrated or returned to the river as
a non-point source with no NDPES permit. Second, some power gener-
ation plants exert high water consumption rates (Averyt et al., 2013a;
Shaffer, 2008); and third, in some cases the location of water removal
for a speciﬁc use is within a different HUC08 sub-basin than where
this water is eventually discharged. Because the SWWF water use clas-
siﬁcation categories do not map directly to the NPDES SIC Codes, it is
often impossible to directly compare withdrawal and discharge vol-
umes among related facilities. This, and data resolution, prevents accu-
rate determination of consumption rates, although the USGS does
provide estimates (Shaffer, 2008, 2009; Shaffer and Runkle, 2007). Sev-
eral circumstancesmay lead to some sub-basins having a ratio of annual
average wastewater discharges to annual withdrawals greater than 1.
This will occur in sub-basins that have numerous small self-supply
withdrawals that are ultimately discharged to a permitted publicly
owned treatment plant (POTW). It also will occur in sub-basins
with signiﬁcant combined sewer systems (Marsalek et al., 1993).
Table 1
Detailed water withdrawalsa and aggregated wastewater discharges for the HUC08 Wabash River sub-basin for 2007 (m3/s).
HUC Energy production Industry Irrigation Miscellaneous Public supply Rural Estimated withdrawalsb Estimated self-supply c Total
withdrawals
Total
dischargesd
Discharges/withdrawals
ratio
SW GW SW GW SW GW SW GW SW GW SW GW SW GW
5120101 0.42 0.00 1.12 0.18 0.02 0.02 0.00 0.06 0.66 0.00 0.18 2.66 2.12 0.80
5120102 0.00 0.04 0.00 0.00 0.00 0.00 0.06 0.02 0.14 0.24 1.74
5120103 0.00 0.25 0.02 0.00 0.01 0.36 0.00 0.08 0.73 0.65 0.88
5120104 0.73 0.00 0.01 0.02 0.04 0.00 0.14 0.04 0.00 0.07 1.04 1.06 1.02
5120105 0.13 0.05 0.00 0.01 0.19 0.03 0.41 0.53 1.27
5120106 0.02 0.64 0.09 0.08 0.64 0.00 0.24 0.01 0.12 1.84 0.75 0.41
5120107 0.28 0.17 0.00 0.03 0.26 0.44 0.00 0.12 1.29 0.89 0.68
5120108 30.18 0.00 0.02 1.04 0.03 0.15 0.04 1.03 0.00 0.03 0.19 32.72 32.99 1.01
5120109 0.00 0.01 0.36 0.41 1.91 0.20 2.89 1.91 0.66
5120110 0.00 0.00 0.03 0.00 0.02 0.00 0.00 0.22 0.00 0.05 0.34 0.32 0.96
5120111 42.44 0.14 0.02 0.16 0.01 0.42 0.00 0.07 0.76 5.23 0.37 49.61 49.76 1.00
5120112 0.16 0.78 0.14 1.07 0.78 0.73
5120113 2.15 0.18 0.03 0.00 0.01 0.31 0.01 0.01 0.29 0.11 0.15 3.26 0.17 0.05
5120114 0.35 0.07 0.76 0.10 1.28 0.46 0.36
5120115 0.03 0.01 0.02 0.07 0.01 0.20
5120201 14.04 0.24 2.13 0.34 0.10 0.17 0.00 0.15 5.98 4.74 0.06 0.08 1.47 29.50 37.07 1.26
5120202 25.60 0.14 0.01 0.13 0.00 0.07 0.47 0.00 0.12 26.54 29.73 1.12
5120203 0.15 0.11 0.05 0.00 0.00 0.25 0.07 0.64 0.51 0.79
5120204 0.01 0.10 0.02 0.02 0.11 0.00 0.66 0.23 1.16 1.22 1.05
5120205 0.03 0.09 0.00 0.03 0.16 0.00 0.01 0.07 0.29 0.00 0.06 0.74 0.49 0.65
5120206 0.11 0.00 0.02 0.14 0.08 0.51 0.07 0.93 0.40 0.43
5120207 0.07 0.00 0.01 0.00 0.00 0.17 0.01 0.00 0.07 0.34 0.42 1.24
5120208 0.00 0.00 0.14 0.00 0.01 0.03 0.01 0.99 0.11 0.11 0.00 0.17 1.57 1.06 0.67
5120209 0.22 0.11 0.01 0.00 0.43 0.06 0.05 0.88 1.45 1.65
SW 115.94 5.32 0.42 0.03 8.99 0.17 8.82 139.68
GW 0.87 2.28 2.33 0.20 12.03 0.11 4.17 21.97
Total 116.80 7.60 2.74 0.23 21.02 0.28 161.66 164.98 1.02
Bold rows are totals of columns above. Bold Total withdrawals are the sum of the values in the row to the left.
a The data compiled in this table includes: reported Indiana signiﬁcant water withdrawal facility data and reported Ohio signiﬁcant withdrawal data, aggregated by source (surface water (SW), groundwater (GW)) and water use category (energy
production, industry, irrigation, miscellaneous, public supply, rural); estimated signiﬁcant withdrawals for IL area; and estimated self-supply volumes assumed to be withdrawn from groundwater sources; aggregated by HUC08.
b Commercial and industrial withdrawals in Illinois are by law conﬁdential; thus, withdrawals were estimated from each facility's discharge data.
c Estimated withdrawals for self-supply are detailed in Table SI-5.
d Reported NPDES wastewater discharges are characterized in Table SI-6.
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ported to the NPDES database varies from state to state. Thus, it is likely
that the aggregated levels of water reuse we report are underestimates
to some degree.
3.4. Seasonal variations
The monthly water withdrawals reported in the Indiana SWWF
database show a trend of increased water use during the summer
(May–October) (Fig. SI-4), consistent with previous USGS reports for
Indiana (Shaffer, 2009; Shaffer and Runkle, 2007). This trend is consis-
tent with increased demand for cooling water for energy production
(Shaffer, 2009), and increased demand by other use categories. Con-
versely, NPDES treated wastewater discharges do not display a clear
seasonal pattern (Fig. SI-8). In the case of both water withdrawals and
wastewater discharges, the variation between months did not exceed
20% from the annual mean value.
3.5. Streamﬂow
The Wabash River streamﬂow varies signiﬁcantly with season.
Streamﬂow data for 2007 at USGS GS 03377500 (Wabash R. at Mt. Car-
mel, IL) followed the regular seasonal pattern when compared to
85 years of historical monthly means, with slightly larger ﬂows in win-
ter months and reduced ﬂows in May to November (Fig. SI-3). Thus,
2007 is an appropriately representative year to use for this case study.
The largest monthly average ﬂow occurred in January (72,657 MGD
(3183.28 m3/s)) and was 20 times greater than the lowest monthly
mean ﬂow (3357 MGD (147.07 m3/s)) in October. In 2007, the total re-
ported groundwater extraction for Public Supplies was 274.5 MGD
(12.03 m3/s), and the estimated self-supply from ground sources was
95.11 MGD (4.17 m3/s) (Table 1). Assuming that all groundwater ex-
tractions for public supply ultimately were discharged to the Wabash
River watershed, human pumped and discharged groundwater contrib-
uted up to 11% of the total river ﬂow at its conﬂuence with the Ohio
River.
3.6. Water reuse
The indirectwater reuse calculation (Eq. (1))was performed at the 7
GSs selected as reference pointswithin thewatershed and at the conﬂu-
ence with the Ohio River (Table 2). The fraction of water reuse in the
Wabash River at Lafayette (GS 03335500) was minor during the year
(1–10%). However, as larger areas contribute to the downstream ﬂow,
more facility efﬂuents contribute to the river's ﬂow, and the fraction of
water reuse displays a greater seasonal variation. A similar calculation
at Petersburg (GS 3374000) deﬁnes water reuse on the White River
(Upper-and Lower- White HUC08 sub-watersheds, 05010201 and
05010202), a major tributary of the Wabash. During 2007, the fraction
of water reuse at Petersburg was 5 to 136%. From August to November,
water reuse exceeded 100%, indicating that the water at that point in
the river on average had passed through an NPDES permitted facility
at least once over the entire four month period. The fraction of water
reuse at Mt. Carmel, IL (GS 03377500), which is the closest GS on theTable 2
Water reuse calculation at selected gauging stations, in a monthly basis.
Fig. 1 # USGS # January February March Apri
1 3328500 Eel at Logansport 2% 7% 2% 3%
2 3335500 Wabash at Lafayette 1% 3% 1% 2%
3 3342000 Wabash at Riverton 6% 20% 8% 10%
4 3374000 White at Petersburg 5% 13% 9% 9%
5 3376500 Patoka at Princetown 2% 1% 1% 2%
6 3377500 Wabash at Mt. Carmel, IL 5% 13% 8% 8%
7 3381500 Little Wabash at Carmi, IL 0% 0% 0% 1%
Estimated Wabash watershed outlet 5% 13% 9% 9%Wabash River to its conﬂuence, was 56 to 100% during the low ﬂow
months of July–October 2007. For the othermonths in 2007, the propor-
tion of ﬂow at this GS that had passed through an upstream facility
ranged from 5 to 55% (Fig. 3). By estimating the ﬂow of the Wabash
River at its conﬂuence with the Ohio River, the fraction of water reuse
for the entire Wabash River Watershed (HUC 0501) was calculated.
During low-ﬂow months (July–October, 2007), the fraction of reuse
for the entire basin was 82% to 121%; and 5% to 65% during the remain-
der of the year. Thus, during the low ﬂow months, humans used and
pumped on average the equivalent of the entire ﬂow of the river
through NPDES facilities. Additionally, an indirect reuse fraction greater
than 100%means that some of thewater is being used and reusedmore
than once along the watershed.
4. Discussion
4.1. Implications
The results of this indirect water reuse study demonstrate that cur-
rent levels of water use in the Wabash River basin are signiﬁcant. Both
water quantity andwater quality are major concerns for environmental
and public health, particularly for the communities that use rivers as a
major source for water supply (Kingsbury et al., 2008; Lathrop and
Moran, 2010; National Research Council, 2012). In addition, it is essen-
tial that rivers and adjacent wetlands receive sufﬁcient quantity and
quality of water necessary to maintain critical ecological functions and
provide ecosystem services (Postel, 2000; Dudgeon et al., 2006). The
health of streams depends on maintaining natural ﬂow variability that
does not decline below a minimum ﬂow level (Arthington et al.,
2006). Hydraulic engineering projects and agricultural drainage are
the dominant causes of ﬂow alteration in surface waters (Dudgeon
et al., 2006). Clearly, human water use must be considered a major
type of hydrologic alteration. Results from this study show that ground
water extractionsmay contribute up to 11% of theWabash River stream
ﬂow during low-ﬂowmonths. Also duringmonths of reduced ﬂows, the
upstream volumetric ﬂow of treated wastewater discharge is
approximately equivalent to or greater than the entire volumetric
ﬂow of the Wabash River. There is an obvious potential for radical
hydrologic alteration in the event of changes in the current water use
portfolio, such as diversion of wastewater for reuse in consumptive
landscape or crop irrigation. Prospective well-meaning water recycling
projects to reuse wastewater should carefully consider the effects this
could have on the current watershed hydrology and the watershed's
ecosystem needs.
Future energy projects should also take into account the water pro-
ﬁle of theWabash RiverWatershed. This study is consistentwith others
that document that thermoelectric power generation facilities use the
largest portion of water resources (Kenny, 2009; Shaffer, 2009; U.S.
Department of Energy, 2006). The power sector uses water mainly for
cooling purposes with relatively low water consumption rates (Averyt
et al., 2013a; Wu and Peng, 2011), e.g. 0–25% for Indiana as reported
by USGS (Shaffer, 2009), andwith the remainder returned to the source.
Because of higher electricity demand and also higher air temperatures
that lead to less efﬁcient heat rejection in the cooling system, powerl May June July August September October November December
7% 14% 19% 7% 14% 14% 3% 1%
3% 8% 10% 6% 6% 7% 3% 1%
24% 64% 92% 84% 86% 92% 39% 11%
18% 55% 65% 108% 136% 96% 102% 20%
6% 10% 10% 15% 10% 14% 16% 3%
19% 56% 71% 93% 100% 92% 55% 14%
2% 3% 2% 18% 21% 4% 22% 1%
21% 65% 82% 114% 121% 107% 65% 16%
Fig. 3. Percentage of the Wabash River ﬂow at Gauging Station #6, USGS 03377500 (Mt. Carmel, IL), that is contributed by NPDES discharges upstream, on a monthly basis, for the
year 2007.
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summer months (Shaffer, 2009), which corresponds with the river's
low ﬂow period. There is the potential for watershed scale water stress
created by increasing demands for cooling water during times of lower
river ﬂow volumes (Shaffer, 2008). Increasing limitations on water
availability and stricter regulations on using surface water (e.g.
Section 316(b) of the CleanWater Act) maymotivate power generating
companies to move towards closed loop systems (Paton et al., 2006).
Closed systems withdraw less water and use cooling towers, ponds
and lakes, to release heat via evaporation to the atmosphere, in contrast
to open loop systems which release heat to the receiving streams.
Closed loop systems reduce the heat input to receiving waters but in-
crease overall water consumption (Stillwell et al., 2011) and internal
electricity demand by pumping water (a second time) through cooling
towers. At a watershed scale, regulatory efforts to minimize impinge-
ment mortality of aquatic organisms at electric power plants' water in-
takes will also increase water and electricity consumption.
4.2. Limitations
The Wabash River Watershed was selected as a preliminary case
study that would allow for the development of a methodology and
serve to illustrate the signiﬁcance of integrated research. Results illus-
trate that there are rich and massive data assemblages on water use
that could be employed for sophisticated and beneﬁcial understanding
and management of these water resources. However, these data are ar-
chived in discrete databases with incompatible units; inconsistent clas-
siﬁcations; varied structural, temporal, and spatial organization; and are
maintained bydifferent state and federal agencies. Integrating and orga-
nizing the data for simple analysis, such as the water reuse calculations
provided in this study, reveals challenges that make the process time
consuming and not amenable to automation. These challenges will
exist in any region of the world where water supply data andwastewa-
ter discharge data are archived in discrete databases that are not inten-
tionally designed and coordinated with the structure of the watershed.
The US databaseswere not designed to be integrated for use in a holistic
manner. Obstacles other than thosementioned above include: (i) access
to the databases, (ii) data completeness and accuracy, and (iii) the ap-
propriateness of the data. The access to the databases varies depending
on the agency, from direct and free online downloads, to requirements
of formal request with payment of processing fees. Furthermore, most
of the databases were designed for individual query and lacked the ca-
pacity of retrieval for more research-oriented or larger-scale watershed
queries. For example, water withdrawals (IN SWWF), water use (USGS)and population data (US Census Bureau) are compiled and reported by
county, preventing direct watershed level analysis. This limitation was
overcome in this study by using GIS tools to redeﬁne boundaries; how-
ever, this requires time and resources to transform the large datasets.
Moreover, state level differences between data management policies
onwithdrawalsmake it challenging, at best, to estimatewater usewith-
in watersheds shared by two states (e.g., HUCs 05120108 through
05120115). In particular, Indiana and Illinois have different policies re-
garding how water withdrawal data are reported and whether this in-
formation is open to the public, despite these withdrawals being taken
fromapublic resource. This situation highlights not only the importance
of public policy and law in managing these resources, but also how cur-
rent policy and law are not aligned with the geospatial boundaries for
proper analysis and management. Indeed in most cases, human bound-
aries do not conform to watershed boundaries, despite the fact that
hydrological units are the logical spatial unit for collection andmanage-
ment ofwater related data. Clearly, there is a need to promote improved
coordination among federal and non-federal entities (National Research
Council, 2012) to overcome obstacles that limit analysis of water re-
sources among states, as the capacity for analysis at the watershed
scale is no longer limited by technology (Shaffer, 2009). Improvements
in the data collection and storage system have occurred as EPA has
transitioned from PCS to ICIS-NPDES to DMR. Consistent adherence to
guidelines on how data should be formatted and entered is needed. Ho-
listic analysis requires that speciﬁc information is compiled in a uni-
form, complete and coherent structure. Finally, there is a need to
develop organizational/relational data structures for the data that
would link harmoniouslywith existing visualization and environmental
management tools. This would allow for continuous, near-real-time
water use and reusemonitoring. Indeed,major needs inwater resources
management include improving water supply and demand characteri-
zation, monitoring, and integration of regional energy and water re-
source planning and decision support tools (Pate et al., 2007).
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